Abstract: Sunflower, Helianthus annuus L., is a major oil-seed crop widely cultivated throughout the globe. White mold, caused by necrotrophic pathogen Sclerotinia sclerotiorum (Lib.) de Bary, is a common and widespread disease of sunflower. Changes in various physiological activities such as production of malondialdehyde (MDA) as the main end product of lipid peroxidation, enzymatic and non-enzymatic activities and proline content, were investigated in leaves and stems of sunflower lines either resistant or susceptible to S. sclerotiorum. The results showed accumulation of high amount of free proline in the leaves of the resistant line. S. sclerotiorum invasion resulted in increase in the MDA content in both lines compared to the controls. Superoxide dismutase, ascorbate peroxidase and guaiacol peroxidase activities significantly increased in the stem and leaves of inoculated lines. In the resistant line, Sclerotinia infection significantly induced catalase (CAT) activity both in the stem and leaves of contaminated plants. The activity of CAT was significantly decreased in susceptible line. Based on our results the activity of antioxidant enzymes was much pronounced in sunflower resistant line than in susceptible one. Studied lines showed distinctive activity considering different biochemical parameters, which may point to further directions in exploring host-pathogen interaction and lead to selection and production of new lines to achieve an improvement of plant adaptation to pathogen.
Introduction
Sunflower, Helianthus annuus L., is a major oil-seed crop widely cultivated throughout the globe. Fungal pathogen Sclerotinia sclerotiorum (Lib.) de Bary, is one of the most devastating and cosmopolitan soil-borne plant pathogen that infects over 400 species of plants worldwide (Saharan & Mehta 2008) . The fungus is recognized by the fluffy white mycelium that develops on the surface of lesions. The fungus attacks several plant parts and causes stalk rot/ wilt or head rot (Gulya et al. 1997) . White rot is a major yield-limiting factor of sunflower and yield losses can reach up to 100% when the climatic conditions are favorable for the fungus (Sackston 1992) . In Iran, infections of the sunflower basal stem are considered a potential threat to the entire crop. Earlier studies suggested that inheritance of resistance to S. sclerotiorum is polygenic and partial resistance to S. sclerotiorum involves many genes, each of them singly makes a relatively small contribution to the overall resistance (Castano et al. 1993; Bert et al. 2004) . Using parental lines and their recombinant inbred lines, Davar et al. (2010) identified several quantitative trait loci for partial resistance to S. slerotiorum under controlled conditions.
One of the earliest biochemical changes observed after pathogen recognition is the oxidative burst and generation of reactive oxygen species (ROS) (Nanda et al. 2010) . Excessive levels of ROS is potentially damaging to plant cell structure and function unless detoxified by antioxidative systems (Agarwal et al. 2005) . Prevention of ROS toxicity requires a large gene network, the so called "ROS gene network", which is composed of at least 150 genes in Arabidopsis (Mittler et al. 2004) . Plant antioxidant defense systems including enzymatic and non-enzymatic protection have co-evolved with aerobic metabolism to counteract oxidative damage due to ROS. Protective enzymes in-822 R. Davar et al. (Asada 2000) Superoxide dismutase Catalyzing the removal of superoxide radical (Chen et al. 2010 ) Guaiacol peroxidase Catalyzing H 2 O 2 in the cytosol, vacuole, and cell wall as well as in extracellular space (Jebara et al. 2005) clude catalase (CAT), ascorbate peroxidase (APX), guaiacol peroxidase (GPX), and superoxide dismutase (SOD) ( Table 1) , while several molecules, such as glutathione, proline, ascorbate, and carotenoids provide non-enzymatic protection (Jung et al. 2000; Lombardi & Sebastiani 2005; Singh et al. 2009) . Previous studies have shown that alteration in the expression/activity of ROS-scavenging enzymes could also be a key step in the activation of plant defence against phytopathogens. It has been reported that the activity of the enzymatic antioxidant system limits the propagation of oxidative processes allowing cells to maintain their viability against the penetration of Aphanomyces euteiches and S. sclerotiorum in plant tissues (Burhenne & Gregersen 2001; Peluffo et al. 2010; Djebali et al. 2011) . Accumulation of free L-proline occurs in response to many abiotic and biotic stresses, such as fungi infection (Hare & Cress 1997; Slama et al. 2006) . The amino acid proline acts as a potent scavenger of ROS and prevents the induction of programmed cell death by ROS (Chen & Dickman 2005) . Susceptibility of a plant to oxidative stress may depend on the overall balance between factors that increase oxidant generation and those cellular components that exhibit an antioxidant capability.
This paper is devoted to a study of changes in oxidative stress and antioxidant characteristics in sunflower susceptible and resistant lines before and after inoculation with S. sclerotiorum and investigate the possible role of antioxidant systems in sunflower affected by necrotrophic pathogen S. sclerotiorum. The identification of stress-related antioxidant system alterations can provide a comprehensive view to S. sclerotiorum resistance in sunflower.
Material and methods
Plant material, fungal isolate and experimental design Two sunflower lines, C71 and C146, identified as partially resistant and susceptible to SSU107 isolate of S. sclerotiorum in our previous experiments (Davar et al. 2010) , were used to study changes in antioxidant systems of sunflower against S. sclerotiorum. C71 and C146 are F9 recombinant inbred lines coming from the cross between PAC2 and RHA266 and was kindly provided by INRA, France (Poormohammad Kiani et al. 2007 ). RHA266 (developed by USDA) is paternal line from the cross between Helianthus annuus and peredovik, whereas PAC2 (developed by INRA-France) is maternal line from the cross between H. petiolaris and HA61 (Poormohammad Kiani et al. 2007 ). Seeds were surface sterilized in 2% NaOCl for 3 min, washed three times in sterile distilled water, and sown in 10×12 cm pots filled with sterilized soil (Table 2 ). Plants were grown in a controlled environment with 12 h photoperiod and 24 ± 1
• C temperature with a light intensity of 200 mE m −2 s −1 , under 65% relative humidity for 4 weeks until growth stage V6-V8 (sunflower plants with at least six to eight leaves) (Schneiter & Miller 1981) .
S. sclerotiorum isolate was selected on the basis of its aggressiveness on sunflower hybrid cv. Iloflor (Davar et al. 2010) . SSU107 isolate cultured onto potato dextrose agar (39 g/L, pH 6) medium and grown in the dark at room temperature (25 ± 1 • C). At V6-V8 growth stage, mycelial plugs of SSU107 isolate (3 mm diameter) were cut from the growing edge of the colony (3 days old on potato dextrose agar) and were placed against the basal stem of the sunflower plants. The stem and mycelial plug were wrapped with parafilm for 48 h to preserve humidity, following the method of Price & Colhoun (1975) . Experiments were conducted in completely randomized design with three replications. Fresh sunflower basal stem and leaf samples of inoculated and control plants were harvested 3, 6, 12, 24 and 48 h after inoculation and used for biochemical assays.
Proline determination
Proline was determined according to Bates et al. (1973) . Samples of fresh tissue (500 mg) were homogenised in 10 mL of 3% sulphosalicylic acid as solvent and then filtered. Ninhidrine solution (2.5%) and glacial acetic acid were added into the filtered extracts. The reaction mixtures were transferred into a water bath at 100
• C for 1 h to develop the colours. After removal from the water bath, the reaction mixtures were immediately cooled in ice bath and toluene was added to separate chromophore. The absorbance of the free proline concentration was measured at 520 nm.
Lipid peroxidation
Lipid peroxidation was determined by estimation of the malondialdehyde (MDA) content following the method of Heath & Packer (1968) with slight modification. Amount of oxidative damage to lipids was parallel with MDA content. Five hundreds mg of basal stem and leaf material was homogenized in 5 mL of 0.1% trichloroacetic acid. The homogenate was centrifuged at 10,000×g for 5 min. For every 1 mL of aliquot, 4 mL of 20% trichloroacetic acid containing 0.5% thiobarbituric acid was added. Mixture was heated at 95
• C for 30 min and then cooled quickly on ice bath. The resulting mixture was centrifuged at 10,000×g for 15 min and the absorbance of the supernatant was measured at 532 and 600 nm. The non-specific absorbance at 600 nm was subtracted from the absorbance at 532 nm. The concentration of MDA was calculated by using the extinction coefficient of 155 mM
Enzyme extraction and activity assays Plant material (500 mg, leaves and stem) was homogenized in 100 mM potassium phosphate buffer (pH 7.0) containing 0.1 mM ethylenediaminetetraacetic acid (EDTA) and 1% polyvinyl pyrolidone (w/v) at 4
• C. Homogenate was filtered through four layers of cheese cloth and centrifuged at 15,000×g for 15 min at 4
• C. Supernatant was used to measure the activities of enzymes.
Superoxide dismutase (SOD) (EC 1.15.1.1) The activity of SOD was assayed by measuring its ability to inhibit the photochemical reduction of nitroblue tetrazolium (NBT) according to the method of Beauchamp & Fridovich (1971) . The reaction mixture contained 40 mM phosphate buffer (pH 7.8), 13 mM methionine, 75 µM NBT, 2 µM riboflavin, 0.1 mM EDTA and a suitable aliquot of enzyme extract in a final volume of 3 mL. The test tubes were shaken and placed 30 cm below light source (15-W fluorescent lamp). Reaction was started by switching on the light and after 30 min the reaction was stopped by switching off the light. A tubes containing protein kept in dark served as blank, while the control ones (without the enzyme) kept in light. The absorbance of the solutions was measured at 560 nm. Activity of SOD is the measure of NBT reduction in light without protein minus NBT reduction with protein.
One unit of activity is the amount of protein required to inhibit 50% initial reduction of NBT under light. Total SOD level activity is presented in percentage (%), compared to their controls.
Ascorbate peroxidase (APX) (EC 1.11.1.11) The APX activity was assayed according to the method of Nakano & Asada (1981) by estimating the rate of ascorbate oxidation (extinction coefficient: 2.8 mM −1 cm −1 ). Reaction was performed in 3 mL containing 50 mM phosphate buffer (pH 7.0), 0.1 mM H2O2, 0.5 mM sodium ascorbate, 0.1 mM EDTA and a suitable aliquot of enzyme extract. The change in absorbance was monitored at 290 nm. Enzyme activity was expressed in units of µmol of ascorbate oxidized per min and g of fresh weight (FW).
Guaiacol peroxidase (GPX) (EC 1.11.1.7) GPX activity was measured according to the method of Hemeda & Klein (1990) . One hundred mL of reaction mixture was prepared by adding 10 mL of 1% guaiacol (v/v), 10 mL of 0.3% H2O2 and 80 mL of 50 mM phosphate buffer (pH 6.6). The assay system comprised of reaction mixture and 75 µL of enzyme extract in a final volume of 3 mL. The increase in absorbance due to oxidation of guaiacol (extinction coefficient: 26.6 mM −1 cm −1 ) was taken at 470 nm. Enzyme activity was expressed in units of µmol of guaiacol oxidized per min and g FW.
Catalase (CAT) (EC 1.11.1.6) The CAT activity was measured by the method of Aebi (1984) . The assay system comprised of 50 mM sodium phosphate buffer (pH 7.0), 20 mM H2O2 and a suitable aliquot of enzyme in a final volume of 3 mL. Decrease in the absorbance was assayed at 240 nm. The molar extinction coefficient of H2O2 at 240 nm was taken as 0.04 cm 2 µmol −1 . Enzyme activity was expressed in units of µmoles of H2O2 degraded per min and g FW.
Data analysis
Spectrophotometric enzyme activity, proline content and lipid peroxidation data are presented as the means of three replications. The significant differences were detected by Student's t test. Differences were considered to be significant at P ≤ 0.05 probability level.
Result and discussion
Physiological activities changed in sunflower depending on susceptibility levels of lines to S. sclerotiorum (Figs 1, 2 and 3 ). Significant differences in proline content of stem were not detected in the resistant line C71 (Fig. 1a) . Proline content decreased in the stem of susceptible line C146 probably due to delayed reaction caused by too much stress (Fig. 1a) . Nevertheless, there are other researchers that did not find any increase in proline content as a result of stress (Naik & Joshi 1983; Chavan & Karadje 1986) .
Lipid peroxidation, estimated as a change in MDA content, was used as a reliable marker of oxidative stress and was measured under S. sclerotiorum stressed sunflower plants. MDA quantity in C71-and C146-inoculated plants as well as those in their healthy controls is shown in Figure 1c . In C71 stem samples (Fig. 1c) , significant increase in MDA (1.95 times) occurred at sampling time of 6 h post inoculation. In inoculated plant of C146, there was a very little, but not significant, increase in MDA content and it decreased in 12 h sampling time. MDA accumulation was observed, probably due to toxic effect of oxalic acid, the main toxin of S. sclerotiorum. Plant pathogens generate and secrete mM concentrations of oxalate into their surroundings. This lead to the induction of cell death and rapid tissue necrosis at the site of attempted attack by the pathogen and correlate with a rapid loss of membrane integrity (Naton et al. 1996) . MDA content also significantly increased in roots of Trichodermainoculated sunflower plants (Singh et al. 2011) . Elevated levels of MDA were detected within the lesion and at the lesion margin in Capsicum annuum fruits inoculated with Botrytis cinerea (Lyon et al. 2004 ). There was also some evidence of their extension into apparently healthy tissues (Lyon et al. 2004) . Garcia-Limones et al. (2002) reported that in Fusarium oxysporuminfected chickpea, the MDA content increased in both resistant and susceptible cultivars. However, this increase was higher and occurred earlier in the resistant cultivar.
The activity of SOD in the stem of sunflower lines was influenced by S. sclerotiorum infection (Fig. 2a) . However, there were quantitative or time course differences in some of the observed changes when the resistant and susceptible lines were compared. SOD activity increased significantly in the stem of inoculated lines. The earlier increasing in SOD activity for resistant line accrued in 3 h sampling time and for susceptible one 6 h after inoculation (Fig. 2a) . In both lines, SOD activity was continuously higher compared to controls, being the highest at 48 h post inoculation. SOD activity increased in C71 stem 3-times at 48 h post inoculation compared to control. Numerous reports also showed an increase in SOD activity in plants under oxidative stress (Palma et al. 1987; Gupta et al. 1993; Kang & Saltveit 2002; Chan et al. 2007; Asthir et al. 2010) . Malencic et al. (2004 Malencic et al. ( , 2010 found that the SOD activity increase in sunflower and soybean lines with increasing oxalic acid concentration as well as inoculation with S. sclerotiorum. SOD activity was similar in both resistant and susceptible cultivars of chickpea and increased after Fusarium oxysporum invasion, but resistant cultivar showed earlier increasing in SOD activity (Garcia-Limones et al. 2002) .
Sclerotinia infection highly induced CAT activity in resistant line C71 (Fig. 2b) . The highest CAT activity was recorded at 6 h sampling time in the stem (3-fold compared to controls). Peluffo et al. (2010) studied the activity of antioxidant enzymes in sunflower and reported a significant 3-fold increase in the CAT activity in resistant line inoculated with S. sclerotiorum. The marked increase in CAT activity in the resistant line C71 seems to be related to increased oxidative stress tolerance (Allen 1995) . Considering elevated CAT activity observed in the resistant line C71 upon infection, one can hypothesize that photorespiratory regulation could explain, at least in part, the resistant behaviour of this line to Sclerotinia.
CAT activity decreased in the stem of susceptible line. However, the significant decrease was observed after 6 h post inoculation in the stem (0.5 time decrease) (Fig. 2b) . Decreased activity of CAT has also been observed in some other environmental stress (Mishra et al. 2006) . Madoui et al. (2007) and Djebali et al. (2011) reported the differences in CAT activity and biochemical processes underlying the expression of resistance in the roots of Medicago truncatula against Aphanomyces euteiches infection.
Change in APX activity was observed in the stems of studied lines afterS. sclerotiorum inoculation. Considering the APX quantity, the sunflower lines reacted in different manner but with the similar trend against S. sclerotiorum (Fig. 2c) . Twelve, 24 and 48 h post inoculation, the APX quantity increased in the stem of resistant line but the highest APX activity (3 folds) was observed 48 h post inoculation (Fig. 2c) . Similar to the results observed in the resistant line, an increase in APX activity was also noticed in susceptible line, but in contrast to resistant line the highest APX activity (1.2-times) was observed 6 h post inoculation. S. sclerotiorum considerably inhibited APX activity in susceptible line 12 and 48 h post inoculation (Fig. 2c) . The results are in agreement with Singh et al. (2011) who observed an enhanced activity of APX in sunflower plants inoculated by Trichoderma harzianum. Screening of tomato cultivars against bacterial spot disease revealed a gradual increase in APX activity in different cultivars. After pathogen inoculation, a drastic increase in APX activity was noticed in the seedlings of highly resistant cultivar compared to susceptible cultivar. APX activity was found to be lower in the seedlings of susceptible and highly susceptible cultivars than resistant cultivars (Chandrashekar & Umesha 2012) .
GPX activity in sunflower resistant and susceptible lines was significantly induced by S. sclerotiorum infection, but enhanced GPX activity was different depending on time and lines (Fig. 2d) . GPX activity showed an increase in the stem of both resistant C71 and sus-ceptible C146 lines but at C71 line the highest activity (3 times increase compared to control) was observed at 24 h sampling time, whereas in C146 the highest activity (2 times higher than control) was at 6 h sampling time (Fig. 2d) . The GPX quantity decreased 12 h after inoculation and it continued to be equal to GPX quantity in control plants until the end of the experiment (Fig. 2d) . The induced GPX activity was also recorded in the sunflower inoculated by T. harzianum (Malencic et al. 2004; Singh et al. 2011) . Malencic et al. (2004) used 10 sunflower inbred lines with different susceptibility to S. sclerotiorum and treated them with oxalic acid. The results showed significant differences in GPX activity among examined lines and the GPX activity was higher in the stem and leaves of resistant lines. Similar tendencies in GPX activities were observed in soybean genotypes which were inoculated with S. sclerotiorum (Malencic et al. 2010) . GPX is thought to be a stress marker enzyme (Castillo 1986 ) and its higher induction may indicate stress exerted by S. sclerotiorum.
The results showed significant differences in proline content of leaves of lines inoculated by S. sclerotiorum (Fig. 1b) . High amount of proline was observed in the leaves of resistant line (C71) after Sclerotinia invasion compared to the control plants (Fig. 1b) . The C71 as a resistant line have accumulated the high amount of free proline in their leaves 48 h post inoculation and its quantity was 3.2 times higher than control plants. In contrast, proline content was noted to decrease significantly in leaves of susceptible line C146 (Fig. 1b) .
Changes in proline content have been reported to be associated with tolerance or adaptation levels of several crops to pathogen infection. Naglaa & Heba (2011) reported that in the leaves and stems of 18 flax lines, either resistant or susceptible to powdery mildew, proline content was significantly increased in powdery mildew infected leaves. However, the increase was much pronounced in resistant lines. The same results were reported by Pociecha et al. (2009) in Festulolium. The proline concentration was 5 times higher in frost-and snow-mould resistant genotype than the susceptible ones. Also, proline index was influenced after Phytophtora nicotianae infection in tomato plants as well as in Verticillum-inoculated cotton plants (Grote et al. 2006; Tzeng et al. 1985) . High proline accumulation in diseased tissue probably is due to pathological disorders (Smimoff & Cumbes 1989) . Cecchini et al. (2011) showed that L-proline catabolism is activated in plants during recovering process.
Based on the results, the stems and leaves of Sclerotinia-infected plants presented different levels of proline content, possibly due to genetic feature to adapt to stress depending on plant parts (Mestries et al. 1988) .
In the leaf samples (Fig. 1d) , it was found that the infection by S. sclerotiorum resulted in increasing in the MDA content in both lines compared with their controls; however, the increase was higher and occurred earlier (sampling 3 h post inoculation) in the susceptible line C146 compared with the resistant line C71 (sampling 48 h post inoculation). At the end of the experiment, MDA quantity was high in both resistant (C71: 1.8 times) and susceptible (C146: 2 times) lines. Membrane damage might be responsible for the collapse of the cells and lipid peroxidation in the present study and it was accrued earlier in susceptible line (after 3 h post inoculation) than resistant one.
The activity of SOD significantly increased in the leaves of inoculated plants (Fig. 2e) . In both lines, SOD activity was higher than controls. SOD activity increased 2.4 times in C71 compared to controls. The maximum amount of its activity was observed in the end of experiment at the leaves of susceptible line C146 compared to controls (Fig. 2e) . It has been reported that the ROS production in potato plants challenged by incompatible Phytophthora infestans leads to activating of defence reaction and increase SOD activity (Doke 1983a,b) .
Sclerotinia infection greatly induced CAT activity in the leaves of contaminated resistant plants (Fig. 2f) . The highest CAT activity was detected in the leaves of inoculated plants 24 h post inoculation (1.8 fold in leaves compared to controls). Naglaa & Heba (2011) showed that CAT activity increase markedly in flax leaves of resistant and susceptible genotypes under powdery mildew disease. These results were also in agreement with those records that the activity of antioxidant enzymes increases in leaves after F. oxysporum infection (El-Khallal 2007) .
CAT activity decreased in the leaves of susceptible line (Fig. 2f) . A greater amount of its activity in the leaves of inoculated plants was observed 3 h post inoculation (0.5 time decrease compared to controls) (Fig. 2f) . Our results showed that CAT activity is decreased in susceptible line, in both stem and leaves, whereas in the resistant line, after pathogen invasion, CAT activity is increased. This phenomenon is supported by the high level of susceptible line colonization by S. sclerotiorum in comparison with resistant line.
APX activity increased after inoculation in all sampling times in the leaves and its activities were higher in two investigated lines compared to controls. Increased APX activity was very pronounced in C71 line (maximum 3.6 times 12 h post inoculation) (Fig. 2g) .
The cytosolic APX isoenzyme has been considered one of the most important enzymes in defence against H 2 O 2 . Because of its cellular localization, it is the first enzyme to receive the signals produced during stress, acting very quickly to prevent severe damage to cell and/or whole tissue. APX activity has increased in plants in response to various stress conditions, such as drought, ozone, chemicals, salinity, and fungi infection (Mittler & Zilinskas 1994) .
On the 6, 12, 24 and 48 h post inoculation, GPX activity was significantly induced in sunflower leaves (Fig. 2h) and the highly significant increase in GPX activity at leaves was observed 24 h post inoculation in the resistant C71 line (2 times increase compared to control). The major function of GPX in plants is degradation of indole-3-acetic acid and resistance to pathogens (Asada 1992) .
In all studied samples, the infected stems as well as uninfected leaves, the significant changes in antioxidant systems were associated with fungi infection. A similar result has been reported in Phaseolus vulgaris and Arabidopsis thaliania inoculated by Botrytis cinerea. Lyon et al. (2004) showed increased levels of lipid peroxidation in uninfected areas on infected leaves of P. vulgaris and decreased levels of the measured products under oxidative stress. The enzyme activity increased after inoculation with leafminer larvae or collar rot pathogen in the treated and untreated tissue of inoculated groundnut plants (Senthilraja et al. 2013 ). Plants have developed defence mechanisms against pathogens that can be systemically activated upon exposure of plants to stress or infection by pathogens. This phenomenon is called induced systemic resistance (Senthilraja et al. 2013 ). The mechanism acts through the activation of multiple defence systems at sites distant from the point of pathogen invasion. The induced defence responses are controlled by a network of signal transduction pathways in which ethylene, jasmonic acid and salicylic acid have key function (Dicke & van Poecke 2002) . Lapsker & Elad (2001) reported that Botrytis cinerea infection associate with increased active oxygen species and antioxidant enzymes, such as SOD and CAT. Soil treatment also associates with increased antioxidant activity in Botrytis uninfected leaves and with decreased antioxidant activity in infected leaves. The latter was probably due to the reduction in active oxygen species. Similar findings were confirmed for systemic resistance in sunflower against S. sclerotiorum in the present study, and sometimes antioxidant changes in the uninfected leaves were higher than infected stems.
SOD, APX and GPX in general showed simultaneous induction and decline, which may be due to their co-regulation (Shigeoka et al. 2002) . APX functions in chloroplasts in ascorbate-glutathione cycle, whereas GPX is basically cell wall bound enzyme. It is also found in cytoplasm. CAT is present in peroxisomes and mitochondria (Cakmak 2000) .
Based on the present study, the activity of GPX, APX, CAT and SOD antioxidant enzymes was much pronounced in sunflower resistant line or activated earlier compared to susceptible line. Significant differences in plant responses to oxidative stress parameters have been established between lines investigated. It has been also established that the effect of any pathogenic fungus on a host plant depends on properties of the pathogen, the host, the pathogen-host interaction, and environmental factors. These differences may point to further pathways in exploring hostpathogen relations which could ultimately lead to selection and production of new genotypes with higher levels of resistance to S. sclerotiorum and also to some other plant pathogens.
